The effect of sea breeze on microwave propagation observed over a line-of-sight (LOS) 
Introduction
The sea breeze circulation is one of the most prominent meso-scale features in coastal areas. When compared to land, sea surfaces respond very little to heating. Heated water particles over the sea surface are mixed to considerable depth by wind and wave action and are replaced by other particles from below. The sea has a mixed layer extending to a few meters below the surface. On the solid earth, only the top layer of few centimeters thickness participates significantly in the heating and thus a small mass is involved in this process of heat transmission by conduction. The specific heat of sea water is higher than that of many types of soil on the earth. The sea is a continuous source of evaporating water. Increased evaporation lowers the temperature of the sea surface.
The solar radiation penetrates several meters into the sea before being absorbed and helps in the mixing. The opacity of the earth and negligible heat transfer into it result in the significant warming of its surface only. Because of the differences in the heat capacities, a horizontal temperature gradient generally develops between the land * Department of Physics, Andhra University, Visakhapatnam Andhra Pradesh, India and the sea surfaces. If the prevailing gradient winds are light, a shallow layer of cool marine air will move inland undercutting the warm air resulting in changes in wind, temperature, humidity and pressure. Thus, sea breeze illustrates the principles, which are involved in the conversion of the radiant energy received from the sun into the kinetic energy of atmospheric motions. The driving force behind the circulation is the differential heating of land and sea surfaces in the course of the day.
Sea breeze circulations are of great concern for the line-of-sight (LOS) links operating along the coastal belt in tropics. The sea breeze modifies the refractive conditions in different ways depending upon the distribution of moisture in lower layers (Rama Rao, et al. 1999) .
Microwave fading on LOS path is caused by large changes in refractivity of the propagating medium (Fucus and Makaruschka 1983; Herben and Kohsiek 1984; Maheshwary, et al. 1985; Sengupta 1985; Chrissoulidis and Kriezis 1988) . The role of the transfer processes at the lower boundary of the atmosphere in modifying the refractive index structure of air masses was reviewed earlier Gossard 1981) and some results of modification of refractive index and its structure constant by the lower boundary reported. The quality of microwave communications is greatly influenced by variations in refractivity gradients and inversion layers (Czigany and Kantor 1986) . The variations modify the route of the wave propagation, leading to multipath radio wave propagation of the decimetric and centimetric waves and this in turn depends to a large extent on the boundary layer meteorological conditions which give rise of severe fadings many a times due to multipath propagation (Singal 1986 ). The dependence of tropospheric microwave propagation phenomena on temperature accounts for the distinct diurnal and seasonal trends observed in the scintillation intensity, and it has led to an explanation for the correlation with wind speed (Banjo 1987) . Wind component along the line joining the two terminals shows that scintillation frequency increases as wind increases (Sarkar, et al. 1983) .
Sea breeze becomes stronger with the amount of land heating or insulation. According to Wexler (1946) the onset of sea breeze is later under offshore gradient flow than in calm conditions, and that when the gradient flow becomes stronger the sea breeze does not occur but that the offshore gradient flow is reduced under onshore gradient flow the land heating is suppressed, so the sea breeze is recognized only as a little increase of the onshore gradient flow. The complicated stratification of in-flowing cool marine air and out-flowing warm land air tends to create an elevated inversion at the mixing zone of the two classes of air, which is called meso-scale subsidence inversion. This closed circulation of sea breeze begins near the shore in morning hours and expands both landward and seaward with time.
Sea breeze is a very local phenomenon. It's growing and decaying pattern is different at every area because of the differences of latitude, sea temperature, topography and other circumstances.
The intensity, duration and extent of sea breeze are largely governed by the amount of heat supplied by the ground to the atmosphere and also by the prevailing largescale synoptic conditions. At three stations in Northeast Scotland, the location was found to govern not only the direction from which the sea breeze occurs but also the diurnal variation of sea breeze (Gill 1968) . Even at the same place, the sea breeze pattern varies from day to day depending on the prevailing gradient wind, synoptic situation, etc.
Sea breeze at Visakhapatnam (lat. 17°44′ 55″ N; long. 83°20′35″ E) is believed to be influenced by a unique combination of topographic, meteorological and oceanographic features. The curvature of coastline complicates the sea breeze penetration inland. Sea breeze along straight coastline advances inland normal to the coast. For the concave coastline, though it is initiated normal to the coast, becomes divergent as it penetrates inland. For convex coastline, sea breeze exhibits a convergence nature at inland. The protruded region of land into the sea near Visakhapatnam may complicate the sea breeze penetration inland. Brittain (1978) has noted that sea breeze in a mountainous coastal station is complicated because of its interaction with anabatic and katabatic winds. As Visakhapatnam is situated in a complicated orographic region, the sea breeze flow may be modified either by the local mountain or valley winds or by the two branches of hill ranges themselves.
The regions where sea breeze occurs may exhibit coastal upwelling. Upwelling is the process in the sea whereby the subsurface layers move up toward the surface and result in a sudden drop of surface temperature. By introducing a numerical model of air-sea interaction in a sea breeze-coastal upwelling region, Clancy, et al. (1979) have concluded that the cold sea surface temperatures near the coast, characteristic of coastal upwelling, cause the strongest sea breeze winds to be confined to a shallower layer and produce the formation of a sharper sea breeze front. They have further pointed out that this front moves faster, persists longer and penetrates more than twice as far inland than it would be without upwelling.
In India, several observational studies of sea breeze have been made in the past. The sea breeze on the west coast is known to penetrate as far as 180 km inland from sea (Ramanathan 1931) . Benerjee, et al. (1975) have studied the sea breeze at Jagdalpur and pointed out that the sea breeze on the east coast could extend 150 km inland from the shoreline.
At Visakhapatnam, the prevailing winds during the period February to September are predominant from southwest or west as a result of parallel isobaric pattern to the coastline with low pressure over land and high pressure over seaside. Due to the differential heating of land and sea surfaces in the mid-morning hours, the pressure gradient will further be strengthened. Sea breeze blows from any direction between southwest and southeast through south and the direction probably depend upon the strength and direction of prevailing wind and the intensity of the pressure gradient developed by the differential heating. During the period October to January and on some days in the month of February, the low pressure over the sea and high pressure inland result in a wind from northeast quadrant. The pressure gradient will then be weakened by the developing horizontal temperature difference between land and sea in day light hours. In this case, the development of sea breeze is unlikely, and if developed, it blows from any direction between northeast and southeast through east. Thus the direction of sea breeze at Visakhapatnam is mostly influenced by the prevailing winds blowing almost parallel to the coastline. The sea breeze is strongest on clear and hot summer days.
The two regions that produce acoustic backscattering in the sea breeze circulation are
• Adjacent to the ground where the temperature gradient is superadiabatic, and • Above a stable layer.
After the onset of sea breeze, ground heating rapidly re-establishes a shallow superadiabatic layer at the base of the inflowing marine air. Turbulent transport and free convection transfer heat upward resulting in the growth of a thermally modified turbulent internal boundary layer. This layer, thermally non-homogeneous, produces acoustic back scattering. Above it, this layer is followed by a 'no echo' region, which may probably indicate a turbulence free zone. The other region that produces acoustic back scattering is the boundary between the in-flowing cool marine air and the prevailing gradient wind over-riding the see breeze. This region is turbulence producing shear zone where small-scale inhomogeneities are predominant (Rao, et al. 1995) .
During the dry and hot seasons (January to May) it is reported (Rao 1982 ) that the convective plume activity that begins a little after sun rise is often quenched by about midday and an elevated layer gradually develops in the height range of 100 m to 700 m capping the quenched plumes. In January, they are observed on 24% of the days whereas in February 66% of the days and in March 85% of the days. By April, the occurrence of quenched plumes with or without layer echoes during daytime was almost a daily phenomenon and continued in the month of May also. All these echo patterns are associated with sea breeze. Thus, the diurnal cycle of the ABL from January to May is mostly controlled by sea breeze.
No such representative diurnal behaviour of ABL could be derived from the monthly charts of southwest monsoon (June to September). The weather during the season is characterized by strong winds, increased cloud amount and frequent rainy spells. Thunderstorms are also wide spread. Sea breeze occurs on days of fair weather and moderate wind conditions. During the northeast monsoon (October to December) ABL behavior is largely controlled by the classical cycle of solar heating and radiative cooling of the ground. As the ground is heated by the incoming solar radiation, in the morning hours, convective activity begins and continues until about 16.00 hrs. to 17.00 hrs., when solar surface heating weakens. Later when radiative cooling of the surface re-establishes a groundbased stable layer, sounder records show the formation of ground-based layer (Kumar, et al. 1986 ).
Sea Breeze Data
The acoustic sounder records obtained during sea breeze showed marked variability in its structure at Visakhapatnam. Despite the variability of the structure of sea breeze at Visakhapatnam, characteristic features such as increased low-level scattering and a capping layer by a stable layer allowed the sea breeze to be detected. Some typical acoustic sounder facsimile records obtained during sea breeze circulations are shown in the Figs.1 -6. Acoustic sounder facsimile record showing the onset and cessation of sea breeze is presented in Fig. 1 . The morning was very sunny on that day and the effect of solar heating of the land surface was evident from the acoustic sounder record after 08.30 hrs.. as the height of the plumes started to increases.
There was a power failure at the site between 06.00 and 08.30 hrs. With the arrival of the sea breeze front at 10.00 hrs.., the plume activity was abruptly quenched and scattering below 100 m was intensified and become persistent. The sloping echo region to a height of 300 m at 10.00 hrs.. corresponds to the frontal surface of the sea breeze circulation (Ahmet 1978) . At 10.05 hrs.. acoustic sounder began to show evidence of a capping layer above 250 m. This layer of echoes evidently coincides with the mixing zone between the inflowing cool marine air and the warm land air above. This zone is generally a turbulence producing shear zone associated with the temperature inversion. This layer strengthened and continued till 17.00 hrs.. The height of the capping layer was oscillatory between 200 and 350 m till 13.30 hrs.. Thereafter this layer slowly descended to ground level at 14.30 hrs. and stayed there for 15 min and ascended quickly after 14.45 hrs. to a height of 500 m.
Another record, as shown in the Fig. 2 , was obtained on a sea breeze day.
This record clearly shows that the depth of the sea breeze circulation at Visakhapatnam was quite variable. It attained its maximum value at around 13.40 hrs. In an interval of 1 hr 10 min, from 12.30 to 13.40 hrs., it increased by breeze 120m. From 13.40 hrs., the depth of the sea started decreasing and continued so till 18.10 hrs..
As can be seen from the acoustic sounder facsimile record Fig. 3 , the first spell of the sea breeze was detected at 10.50 hrs. with the appearance of a slight sloping echo structure on the facsimile record. Then another spell, which occurred at 11.30 hrs., curtailed the plume activity. Only after this spell, the onset of sustained sea breeze took place at 12.30 hrs.. The hygrogram and thermogram shown in Fig. 4 also supports this contention. The evidence of the elevated layer from 14.00 hrs. indicated the fuller development of the sea breeze circulation. This elevated layer reached the ground level at 15.00 hrs., and around 15.10 hrs. a plume like structure developed and appeared above the lower scattering region, indicating the termination of the circulation. Another short spell of sea breeze was detected at 15.45 hrs. when a sloping echo structure appeared on the record. This was also supported by the hygrogram. After this spell, plume activity was reestablished.
Another acoustic sounder facsimile record is shown in the Fig. 5 .
The echogram displayed little convective plume activity beneath the remains of nocturnal inversion from 06.15 till 07.20 hrs. Despite the broken clouds, an increase of temperature and decrease of RH from 06.30 hrs. had been observed in response to ground heating which began prior to 06.00 hrs. (Fig. 6) . At about 07.20 hrs. there was a temperature drop of 0.5°C and a rise of RH by 5%, concurrent with a change on the facsimile record from the convective plumes to a ground based layer.
Turbulent mixing caused by strong wind shear in this zone is combined with the temperature lapse rate less than dry adiabatic to produce acoustic backscattering. This type of change to ground based layer is one of the representatives of sea breeze on the sounder records. The second gust of sea breeze entered the antenna site at about 07.45 hrs., that reestablished the stable region. There was a gradual increase in the depth of the shear layer from 60 m at 07.45 hrs. to 260 m at 08.00 hrs. The vertical growth of the sea breeze circulation was also marked by an increase of RH by 13% and a small drop of temperature by 0.5°C during this time period. According to Wexler (1946) the fluctuations in the depth of the sea breeze current sometimes synchronize with the fluctuations of RH. The arrival of third surge of sea breeze was noted on the sounder record at 09.05 hrs., which resulted in an increase of RH and a slight fall of temperature. The traces of surface temperature and relative humidity (RH) for the simultaneous period is presented in Fig. 6 . The changes accompanying this front were very less since the ambient air had been considerably cooled by the passage of the earlier surges. The decreases in the depth of circulation from 09.15 hrs. till 09.35 hrs. was also accompanied by a decrease of RH until 09.35 hrs. Afterwards, the temperature and RH were leveled off at 31°C and 82% respectively. After the onset of sea breeze, the warmer land re-establishes a shallow, surface based superadiabatic layer. The plume-like structure seen at the base of the chart has three characteristics -intensified signal, contiguous structures and restricted depth. 
Description of the Site Location
The topographic map of Visakhapatnam region along with the site location of the acoustic sounder system (AU WALTAIR) is shown in Fig. 7 . The acoustic sounder site is 1 km away from the coastline and nearly 40 m above mean sea level. The sea coast at Visakhapatnam is oriented nearly in the southwest -northeast direction with Bay of Bengal to the east. Two kilometers to the north of the antenna site, the Kailasa Hill range with 
LOS Signal Variations during

Sea Breeze
The LOS signal variations coresponding to three LOS links, namely Kailasagiri (VMTML) -Velampeta (VMTAXBLDG), Venkatapuram (VPM) -Kailasagiri, Bhimili (BMN) -Kailasagiri (see Fig. 8 ), are measured for several days on a 24-hour basis (Radha Krishna Rao 2002) at two stations (Velampeta and Kailasagiri). As shown in Fig. 8 , the hop lengths and the operating frequencies of the three LOS links are different. Strip chart recorder is used for the measurement of LOS signal variations on all the three links. Although LOS signals are simultaneously sampled and stored in the hard disk of a PC, strip chart recordings are used here. The observations of LOS signal variations made on Kailasagiri-Velampeta link (hop-length 6.72 km) at 11.2 GHz are shown in Fig. 9 . The strip chart records are divided into 10-minute sections for ease in the presentation. Fig. 9 shows 9 sections of such records where the LOS signal variations are significant and typical during that period of the day. As shown in Fig. 9a and 9b for periods from 12.30 hrs. and from 13.45 hrs. respectively, the LOS signal variations are small and not significant. The acoustic sounder facsimile record is shown in Fig. 1 corresponds to the observations of LOS signal variations presented in Fig. 9 . As discussed in Section 1, the sea breeze circulation in the region began at around 10.00 hrs.. The depth of the sea breeze circulation ranged between 100 and 300 m upto about 14.30 hrs. on this day. The abrupt cessation of the sea breeze shortly after 14.30 hrs. is indicated on the acoustic sounder facsimile record by the elevated layer reaching the lower scattering region. The reason for this sudden termination of sea breeze is less clear, but such incidents are not uncommon (Simpson 1994 ).
The elevated layer began to raise again from 14.40 hrs. indicating the arrival of a fresh surge of sea breeze circulation in the region. This second surge seems to be strong and the depth of the sea breeze circulation increased at a faster rate reaching about 500 m height within about an hour and half. The elevated layer also showed some wave-type structures indicating the existence of Kelvin-Helmholtz billows that are known to form at the interface of the inflowing cool marine air and the free atmosphere above (Simpson 1994) . The sea breeze circulation stopped from around 17.00 hrs..
The LOS signal recordings shown in Fig.  9 exhibited significant variations during this second surge of sea breeze circulation. Although the sea breeze circulation prevailed in the region from around 10.00 hrs. If we consider the relatively short hop lengths of the link (6.72 km) and the almost flat response of the LOS signal variations during the nocturnal period, it may be concluded that the sea breeze circulation in the Visakhapatnam region from around 10.00 hrs. influenced microwave signal strength. The oscillating behaviour of the elevated layer during the second surge of the sea breeze circulation is believed to be responsible for significant LOS signal variations shown in Fig. 9c . The acoustic sounder facsimile record for the corresponding period of the LOS signal data is shown in Fig. 2 . Although the basic features of the facsimile record are discussed in the previous section, some characteristics relevant in connection with the LOS signal variations merit a mention here. The arrival of Sea breeze circulation is indicated by the growth of an elevated layer from about 50 m height at around 09.30 hrs. The depth of the circulation is variable in the first few hours before it began to show a steady increase in height from around 11.45 hrs. The termination of the sea breeze circulation is indicated by the merger of the elevated layer with the lower echo-region slightly after 18.00 hrs. The elevated layer again rose to a height of about 100m from 19.00 hrs. indicating the continuation of sea breeze circulation. It appears that the circulation died slightly after 19.40 hrs.
Many features of the acoustic sounder facsimile record presented in Fig. 2 and the LOS signal variations presented in Fig. 10 are in good agreement. The cessation of the sea breeze sharply coincided with the decrease in LOS signal variations after 19.40 hrs. (Fig.  10h) . Also, the large signal variations from 15.35 hrs. (Fig.10d) could be related to the wave-type behaviour of the elevated layer from 15.30 hrs. on acoustic sounder facsimile record (Fig. 2) . It may thus be concluded that the sea breeze circulation has profound influence on the LOS signal strength. The wave-type structures that sometimes appear on the elevated layer seem to be influencing the LOS signal amplitude.
Another record of microwave signal variations obtained on Bhimili-Kailasagiri LOS link (hop length 18.6 km) is shown in Fig. 11 . The signal variations are not radically different from the previous two cases presented in Figs. 9 -10. A clear distinction can still be made between the two-sample records presented in Fig. 11 . The amplitude of the LOS signal variations are below 0.3 V in Fig.  11a . The signal is almost constant from about 17.30 hrs.. The signal variation during the rest of the day is similar to Fig. 11b .
The acoustic sounder facsimile record corresponding to the LOS signal measurements presented in Fig. 11 is shown in Fig. 3 . As discussed in section 1, the sea breeze circulation is mostly intermittent on this day with several spells of different time periods. The time of cessation of sea breeze can be taken as 16.00 hrs. The LOS signal variations are again typical of those during sea breeze circulations.
The LOS signal variations measured on Bhimili-Kailasagiri link (hop length 18.6 km) for two different time periods are shown in Fig.  12 .
Although the signal variations are similar to those presented earlier, the height of the sea breeze circulation is limited to 200 m (Fig. 5) on this day. A clear distinction is visible in the two sample records presented in Fig. 12 between the LOS signal variations during the sea breeze circulations and after the sea breeze circulations.
The four cases presented above clearly point to the fact that the sea breeze circulation has significant effect on microwave propagation in LOS communication links operating in the Visakhapatnam region.
Conclusion
Fading of microwave signal during the sea breeze circulation is observed over LOS links located in the Visakhapatnam region, operating at different frequencies and hop lengths. Atmospheric circulation due to the onset of sea breeze promotes the advection of water vapor around the propagation path, which brings about some distinct characteristic changes in the LOS link signal strength. The results indicate a distinct diurnal variation in respect of fading of LOS microwave links operating at Visakhapatnam.
